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Mass-Action Equilibrium, Noise, and Non-Specific Interactions in Protein
Interaction Networks
Sergei Maslov1,2.
1Brookhaven National Laboratory, Upton, NY, USA, 2Stony Brook
University, Stony Brook, NY, USA.
We studied the Law of Mass Action equilibrium of the Protein-Protein Interac-
tion (PPI) network in yeast using experimentally determined protein concentra-
tions, localizations, and interactions. In particular, we were interested in how
this equilibrium responds to changes in copy numbers of individual proteins
[1-3]. We demonstrated that the magnitude of shifts between free (monomer)
and bound (dimer) concentrations of perturbed proteins is influenced by such
factors as the topological structure of the network, balance of concentrations
of interacting proteins, and the average binding strength. Our primary conclu-
sion is that on average the magnitude of the perturbation exponentially decays
with the network distance away from the perturbed node. This explains why,
despite a globally connected topology, individual functional modules in such
networks are able to operate fairly independently. In a separate project [4-5]
we quantified the interplay between specific and non-specific binding interac-
tions under crowded conditions inside living cells. We argued [4] that the
need to minimize the waste of resources to non-specific interactions limits
the proteome diversity and the average concentration of co-expressed and
co-localized proteins.
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The Robust Ticking of a Circadian Clock
Pieter Rein ten Wolde.
FOM Institute AMOLF, Amsterdam, Netherlands.
Many organisms use circadian clocks to anticipate changes between day and
night. It had long been believed that these clocks are driven primarily by
transcription translation cycles (TTCs) built on negative feedback on gene
expression. However, while circadian clocks can maintain robust rhythms
for years in the absence of any daily cue, recent experiments have vividly
demonstrated that gene expression is often highly stochastic. This raises
the question of how these clocks can be so robust against biochemical noise.
In multicellular organisms, the robustness might be explained by intercellular
interactions, but it is now known that even unicellular organisms can have
very stable circadian rhythms. The clock of the cyanobacterium S. elongatus,
for example, has a correlation time of several months, even though the
clocks of the different cells in a population hardly interact with one another.
How circadian clocks can be so stable even at the single cell level is not un-
derstood. Interestingly, it has recently been discovered that the S. elongatus
clock also includes a protein phosphorylation cycle (PPC) that can run inde-
pendently of the transcription-translation cycle (TTC). Here, we use mathe-
matical modeling to study how these two clocks interact in growing,
dividing cells. We find that a clock built on a PPC alone is highly stable
when protein turnover is low. For high protein turnover rates, however,
a PPC becomes unstable; indeed, at high growth rates, when protein turnover
is necessarily high, a TTC becomes indispensable for the PPC to function.
On the other hand, a clock based on a TTC alone functions only when
the protein turnover rate is large; it fails dramatically at low growth rates
in the absence of active protein degradation. The power of coupling
a PPC to a TTC is that the clock becomes robust over the full range of
growth conditions. Importantly, the TTC and the PPC in S. elongatus are
much more tightly intertwined than conventional coupled phase oscillators;
as a result, particularly for intermediate growth rates, the combination ofthe two far outperforms not just each of its two components individually,
but also a hypothetical system in which the two parts are coupled in normal
textbook fashion.
1859-Symp
Structure and Dynamics of Bio-Networks : Robustness of Metabolic
Networks
Hawoong Jeong.
KAIST, Korea, Korea, Republic of.
We investigated the robustness of cellular metabolism by simulating the sys-
tem-level computational models, and also performed the corresponding ex-
periments to validate our predictions. We address the cellular robustness
from the ‘‘metabolite’’-framework by using the novel concept of ‘‘flux-
sum’’, which is the sum of all incoming or outgoing fluxes (they are the
same under the pseudo-steady state assumption). By estimating the changes
of the flux-sum under various genetic and environmental perturbations, we
were able to clearly decipher the metabolic robustness; the flux-sum around
an essential metabolite does not change much under various perturbations.
We also identified the list of the metabolites essential to cell survival, and
then "acclimator’’ metabolites that can control the cell growth were discov-
ered. Furthermore, this concept of ‘‘metabolite essentiality’’’ should be use-
ful in developing new metabolic engineering strategies for improved
production of various bioproducts and designing new drugs that can fight
against multi-antibiotic resistant superbacteria by knocking-down the enzyme
activities around an essential metabolite. Finally, we combined a regulatory
network with the metabolic network to investigate its effect on dynamic
properties of cellular metabolism. [Proc. Nat. Acad. Sci. USA. 104 13638
(2007)]
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The Large Scale Genetic Regulatory Network of E. coli: Understanding
Functional Robustness at the System Level
Sanjay Jain1,2.
1University of Delhi, Delhi, India, 2Santa Fe Institute, Santa Fe, NM, USA.
This talk will discuss some aspects of the large scale regulatory network
that controls the genetic expression of an E. coli cell as a whole. The ex-
pression of E. coli’s 4-5 thousand genes is controlled by 150-200 transcrip-
tion factors (TFs) and a few sigma factors. The activity of a TF or sigma
factor is itself governed partly by external conditions such as temperature,
pH and the chemical composition of the extracellular environment, and
partly by the internal environment. The latter includes other TFs and sigma
factors controlling the expression of the gene coding for the TF in ques-
tion, molecules involved in post-transcriptional regulation, as well as me-
tabolites that bind to the TF resulting in its regulation. The architecture
of the global transcriptional regulatory network will be discussed, including
feedbacks. A simple mathematical model that attempts to capture the dy-
namics of the switching on and off of the genes will be presented. This
"global view" is "coarse grained"; it glosses over several details. However,
this perspective reveals that the network as a whole has a rather special or
particular character, which could be the basis of the cell’s robustness and
adaptability.Symposium 14: 50 Years of the Chemiosmotic
Hypothesis: Open Questions
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Proton Transfer via Protein Bound Water Molecules
Klaus Gerwert.
Ruhr University, Bochum, Bochum, Germany.
How protons migrate via protein-bound water molecules is becoming an
emerging research-field in biology, ever since Grotthuss proposed the pro-
ton transfer along water chains in liquid water in physical-chemistry. Re-
cent time-resolved FTIR measurements revealed the dynamics of protein-
bound water and showed how they can be actively involved in proton
transfer using the light-driven proton pump bacteriorhodopsin (bR) as
model system (1). The detailed proton transfer via such water molecules
involves preordered dangling water, a strong hydrogen-bonded water and
most interestingly, a protonated water complex as the proton release group,
which we identified for the first time in a protein (2). The central binding
Tuesday , March 8, 2011 343asite is reprotonated from Asp96 (1). A transient water chain between asp 96
and the central binding site evolves on the milli-second time-scaleand the
proton is transferred from asp 96 to the central binding site and the
pump is reset (4). In summary, the emerging paradigm invokes the princi-
ple that protein bound water molecules are as functional as amino acids
residues (2).
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Progress Towards the Molecular Mechanism of Complex I
Judy Hirst.
Medical Research Council, Cambridge, United Kingdom.
Complex I (NADH:ubiquinone oxidoreductase) is crucial to respiration in
many aerobic organisms. In mitochondria it oxidises NADH (regenerating
NADþ for the tricarboxylic acid cycle and fatty-acid oxidation), reduces ubi-
quinone (the electrons are then used to reduce oxygen to water), and trans-
ports protons across the mitochondrial inner membrane (contributing to the
proton motive force that supports ATP synthesis and transport processes).
Complex I is also a major contributor to cellular reactive oxygen species pro-
duction.
The mechanism of complex I comprises four ‘sequential’ steps. NADH oxida-
tion by the flavin mononucleotide, and intramolecular electron transfer from
the flavin to bound quinone (along a chain of iron-sulphur clusters), are in-
creasingly well understood. Conversely, the mechanisms of quinone reduction
and proton translocation remain poorly defined, although recent structural
analyses of the membrane domain of complex I (R. G. Efremov, R. Baradaran
& L. A. Sazanov (2010) Nature 465, 441-7) have revealed intriguing features,
including a lateral helix running in the plane of the membrane, and an ele-
vated position for the proposed quinone binding site, above the membrane
plane. This talk will present and discuss current strategies and recent data
to address the mechanisms of quinone reduction and proton translocation by
complex I.1863-Symp
Structural Basis and Mechanism of Proton Translocation in Complex I
and Complex III
Carola Hunte.
University of Freiburg, Freiburg, Germany.
Proton pumping respiratory complexes drive the energy conversion in cellular
respiration by coupling electron and proton transfer via defined mechanisms. In
complex I and complex III, bypass reactions result in production of reactive ox-
ygen species (ROS) which are implicated in diseases and physiological pro-
cesses of aging. Structure and Q cycle mechanism of complex III are in
general well described [1]. Yet, several key features of the mechanism, such
as the oxidation of ubiquinol, pathways for proton uptake and release and
ROS production are still in question and will be discussed. Elucidation of struc-
ture and mechanism of complex I is only at its beginning. X-ray crystallo-
graphic analysis of the largest and most complicated respiratory membrane
protein complex revealed the structural basis for a new mechanism of proton
pumping by conformational coupling [2]. Data of the structural analysis will
be presented.
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Proton Pumping and Energy Transduction in Cytochrome C Oxidase
Gerhard Hummer.
National Institute of Health, Bethesda, MD, USA.
In my talk I will describe how simple physical processes contribute to the
function of cytochrome c oxidase, the enzyme that powers aerobic life. Ox-
idase is responsible for the conversion of chemical energy from food into
the electrochemical gradient that drives the synthesis of ATP. As thebiological ‘‘fuel cell,’’ it reduces oxygen to water and uses the released en-
ergy to pump protons across a membrane. With the help of theory and
simulation, we could show how the chemical energy of oxygen reduction
is harnessed to move protons against an electrochemical gradient without
violation of the second law of thermodynamics, and how the unique dy-
namic and thermodynamic properties of water at the nanoscale are ex-
ploited.Platform AG: Cardiac Muscle I
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Fret Measurements in Electrically Paced Adult Cardiac Myocytes Suggest
the Phospholamban-SERCA2a Regulatory Complex is not Dissociated by
Beat-To-Beat Elevations of Cytosolic Calcium
Daniel J. Blackwell, Philip Bidwell, Seth L. Robia.
Loyola University Chicago, Maywood, IL, USA.
To investigate the regulatory interaction between cardiac sarco/endoplasmic
reticulum calcium ATPase (SERCA2a) and phospholamban (PLB), we ex-
pressed Cerulean-SERCA2a and YFP-PLB in adult rabbit cardiac muscle
cells using adenovirus vectors. Confocal microscopy showed a fluorescence
pattern of striations and longitudinal streaks indicating SERCA and PLB
were correctly localized
in the sarcoplasmic reticu-
lum (SR). Bright perinu-
clear fluorescence was
also observed. Fluores-
cence recovery after pho-
tobleaching (FRAP)
experiments showed that
SERCA and PLB were
mobile over multiple sar-
comeres on a timescale
of tens of seconds. The concentration dependence of SERCA-PLB fluores-
cence resonance energy transfer (FRET) showed maximum FRET (FRET-
max) was 30%, and also yielded the apparent dissociation constant (Kd).
Addition of thapsigargin increased the apparent Kd, suggesting a reduced af-
finity of PLB for the pump in the presence of the inhibitor. Pacing of my-
ocytes did not result in large changes in SERCA-PLB FRET, suggesting
that the regulatory complex is not disrupted by beat-to-beat elevations of cy-
tosolic calcium. The data are compatible with parallel experiments in heter-
ologous cells indicating that the PLB-SERCA interaction is reduced, but not
abolished by thapsigargin and calcium.1866-Plat
Phosphorylation and Mutation Induce an Order-To-Disorder Transition
in the Cytoplasmic Domain of Phospholamban
John Paul Glaves1, Catharine A. Trieber1, Delaine K. Ceholski2,
David L. Stokes3, Howard S. Young1.
1National Institute for Nanotechnology & University of Alberta, Edmonton,
AB, Canada, 2University of Alberta, Edmonton, AB, Canada, 3New York
University & New York Structural Biology Center, New York, NY, USA.
Phospholamban physically interacts with the sarcoplasmic reticulum cal-
cium pump (SERCA) and regulates contractility of the heart in response
to adrenergic stimuli. We have studied this interaction using electron mi-
croscopy of two-dimensional crystals of SERCA in complex with phospho-
lamban. In previous studies, phospholamban oligomers were found
interspersed between SERCA dimer ribbons and a three-dimensional model
was constructed to show interactions with SERCA. In the present study, we
have examined the effects of phosphorylation and mutation of phospholam-
ban on the interaction with SERCA in the two-dimensional crystals. Based
on projection maps from negatively-stained and frozen-hydrated crystals,
phosphorylation of Ser16 selectively disordered the cytoplasmic domain
of wild-type phospholamban. This was not the case for a pentameric
gain-of-function mutant (Lys27-to-Ala), which retained inhibitory activity
and remained ordered in the phosphorylated state. A partial loss-of-function
mutation that altered the charge state of phospholamban (Arg14-to-Ala) re-
tained an ordered state, while a complete loss-of-function mutation (Asn34-
to-Ala) was disordered. The functional state of phospholamban correlated
with an order-to-disorder transition of phospholamban’s cytoplasmic domain
in the two-dimensional co-crystals. Furthermore, the residues studied
